A one-dimensional model based on solvent diffusion and kinetics to study the formation of the SEI (solid electrolyte interphase) layer and its impact on the capacity of a lithium ion battery is developed. The model uses the earlier work on silicon oxidation but studies the kinetic limitations of the SEI growth process. The rate constant of the SEI formation reaction at the anode is seen to play a major role in film formation. The kinetics of the reactions for capacity fading for various battery systems are studied and the rate constants are evaluated. The model is used to fit the capacity fade in different battery systems.
Introduction
Aging of lithium ion batteries is a major problem for battery manufacturers and manufacturers of electric vehicles. A lifetime of 3000 deep cycles is required for electric vehicle applications. As a result of these expectations, lifetime prediction models are required which help us to estimate the capacity fading in a lithium ion battery. There are several models which are available in literature to study capacity fade in lithium ion batteries. Some of them are empirical and some of them are more physics based.
We will give a brief overview of the phenomenological models available in literature thus far. Darling and Newman [1] have tried to study the performance of a lithium ion battery by modeling the side reactions in a lithium ion battery. Ramasamy et al. [2] developed a mathematical model that predicts the capacity loss of the carbon electrode during open circuit voltage due to continuous reduction of the organic solvent and deintercalation of lithium from the carbon. More recently, Sankarasubramanian and Krishnamurthy [3] have proposed a mathematical model incorporating solvent diffusion and kinetics of side reactions to evaluate the capacity fade in a lithium ion battery. Ploehn et al. [4] have developed a solvent diffusion model to evaluate the capacity fade loss in a lithium ion battery. The authors postulate that capacity fade in a lithium ion battery varies linearly as a square root of time. Safari et al. [5] have developed a mathematical model for capacity fade in a lithium ion battery incorporating solvent decomposition kinetics and solvent diffusion through the SEI layer. Xie et al. [6] have developed a 2-dimensional model integrating the SEI growth model with multiple transport processes. Simulation results indicate that the operating temperature has a great effect on SEI growth and capacity loss. Yan et al. [7] have modeled the SEI growth process as a nucleation phase followed by a SEI growth phase. Christensen and Newman [8] were able to model the SEI growth as a function of the physical properties of the film. However, their simulated film thickness was several orders of magnitude more than the experimental values. Broussely et al. [9] have developed an empirical model to study the capacity fade in lithium ion batteries. Prada et al. [10] [17, 18] . Wang and Wan have postulated that the formation of the SEI layer is driven by the electrolyte structure [19] . Most of the experimental data available indicates that the capacity losses in a lithium ion battery are a function of storage time, state of charge, and temperature.
Capacity fade models (based on SEI formation) help battery manufacturers to understand the reasons behind the formation of the SEI layer and its impact on the capacity fading of the battery. This could provide battery manufacturers methods to reduce the capacity fading in lithium ion batteries. Our model has tried to understand the effect of initial solvent concentration and varying solvent concentration at the electrode/SEI layer interphase on the capacity fading in lithium ion batteries. This will enable battery manufacturers to develop ideas to reduce capacity fading in lithium ion batteries.
Model Development
Our model has built up on the earlier work done by Ploehn et al. [4] . Figure 1 shows the schematic of the formation of the SEI layer in a lithium ion battery. The model makes several assumptions. The film growth is supposed to happen due to the reaction happening at the film/electrode interface. This can be assumed as a moving boundary problem where one of the interfaces is assumed to be constant. The model is assumed to be in Cartesian coordinates.
The battery consists of a negative electrode (Li x C 6 ), a separator, a positive electrode (Li 2 Mn 2 O 4 ), and two current collectors on the electrode ends. The electrolyte solution is 1 M LiPF 6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). Literature has indicated to us that the majority of the passive film formed is Li 2 CO 3 . According to Christensen and Newman [8] , the elementary reactions in the formation of Li 2 CO 3 can be given by the following.
(1) The adsorption desorption reactions:
The critical film formation reaction is given by
where the subscript stands for the adsorbed species and is the available surface site. Though the reactions could be reversible, we are considering the reactions as irreversible in our model. More recently, desolvation of lithium ions has been considered as a rate limiting step by Xu et al. [20] and Abe et al. [21] . However, we have not focused on this on our model. It is assumed that there is a constant supply of lithium ions at the film/electrode interface and this concentration is unchanging. The growth of the film, the impedance, and the capacity fading in the battery are thus assumed to be solely driven by the solvent concentration at the film electrode interface. Reaction 4 is assumed to be irreversible and the rate constant for the reaction is assumed to be first order. Aurbach [22, 23] has postulated that, in addition to Li 2 CO 3 formation, at high concentration of ethylene carbonate, (CH 2 OCO 2 Li) 2 can be formed. However, we have not considered this in our model. We have also considered that the SEI layer is a homogenous phase and not a heterogeneous composite phase. The SEI composition and structure varies during storage and cycling and with temperature. However, we have neglected these changes in our model. Ploehn et al. 's [4] model assumes that the SEI layer growth and the subsequent capacity fade in a lithium ion battery are solely dependent on diffusion limitations and not kinetic limitations. We have assumed that our model is kinetically limited and diffusion is not a limiting factor in our model. Modeling fit with experimental data proves that the assumption is reasonable.
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Transport Equations and Analytical Solution
Our transport equations have been developed on similar lines to the model developed by Ploehn et al. [4] . The differential mass balance of the solvent in the SEI phase is given by
Equation (5) is shown to reduce to
Substitution of (6) into (5) gives
The boundary conditions for the equation are given by
where ( ) is the film thickness at any given time. is assumed to be the solvent concentration at the film/electrolyte interphase which is a known concentration. Equation (9) is derived from the fact that for a first-order reaction ln ((ln )/ ) = , where is the rate constant for the first-order reaction occurring at the film/electrode interphase. Since the film formation reaction happens at the electrode/film interphase this boundary condition is imposed at the interphase. The solution for this has been derived by Slattery [24] .
Using the variable = /√4 , (7) is recast into
with the boundary conditions At = 0 : = ,
The solution for (10) with boundary conditions (11) is derived as an offset of the solution by Slattery [24] and is given by the relation
Consequently at = ( ), = . The fractional capacity loss for the battery is given by the expression
where Lii is the initial concentration of lithium available for reaction and Lit is the concentration of lithium available at any given time. From (4), it is obvious from the stoichiometry that 2 Li = (the consumption of the solvent species is half of that of lithium). Using this correlation, we can write the fractional capacity loss in a lithium ion battery as ( ) = ( − )/ . can be seen, the higher the rate constant values, the more the consumption of at the film electrode interface. Figure 4 shows the variation of rate constant values for 4 different types of cells as a function of temperature. The graphs show a linear fit for the graph of ln ( ) versus 1/ obeying Arrhenius expression with a high regression coefficient (though the HE type cell has only 2 data points and we have been able to use only these two data points). The values of the rate constant have been obtained from the experimental values of capacity fade and fitting it with (13). Table 1 gives a description of the battery systems studied for capacity fade while Table 2 shows the list of parameters used for comparing modeling results with experimental data. Table 3 shows the values of the rate constants obtained for eight different battery systems studied. As can be seen the values of these rate constants vary from 10 −7 /s to 10 −9 /s which is consistent with reported data from literature [5, 8, 25, 26] . Several previous models have postulated that the rate constants for forward reactions for typical SEI film formation reaction lie between 10 −8 /s and 10 −11 /s [5, 8, 25] . Table 4 shows the energies of activation (for reaction) obtained from the Arrhenius rate expression for 5 different battery systems. It is seen that if the variation of rate constants at different temperatures is not significantly high, then the corresponding activation energy is lower. Thus Yardney [15] and SAFT DD [13] cells are seen to have the lowest reaction activation energy of 9.418 and 9.482 KJ/mol, while the MP type cells [9] and HE type cells [9] are found to have activation energy of 26.05 KJ/mol and 23.59 KJ/mol. The 18650 cell [14] is found to have the highest reaction activation energy of 38.25 KJ/mol. Unfortunately, most of the data available in literature corresponds to the activation energy of the diffusion process and not the kinetic limitation. Hence, it is very difficult to compare our results with existing data. However, Liaw et al. [14] postulate that for 18650 cells the activation energy for the degradation process varies from 35 KJ/mol to 50 KJ/mol which approximates our result. Figure 5 shows the model predictions for capacity fade in a Yardney cell [15] at four different temperatures: −20 ∘ C, 10 ∘ C, 23 ∘ C, and 40 ∘ C. It is seen that model predictions fit very well with experimental data. Figure 6 shows the model predictions for 18650 cells [14] at four different temperatures: 25 ∘ C, 35 ∘ C, 45 ∘ C, and 55 ∘ C. The model's predictive capabilities are seen to be excellent. As a further test of the model's capacity fade predictions, we have evaluated the model's predictive capabilities with several other experimental data from literature. Figure 7 shows the capacity fade for a SAFT DD cell [11] predictions for ATD Gen 2 Baseline cell and Gen 2 Variant C cell at 45 ∘ C while Figure 9 shows the capacity fade predictions for Quallion LLC ATD test cell [27] at 55 ∘ C. Modeling predictions are found to have a very good agreement with experimental data in the temperature ranges specified. We have also further studied our model predictions with capacity loss data from HE type and MP type cells from Broussely et al. [9] . Figure 10 shows this modeling fit with experimental data. While the main focus of our model is predicting capacity loss values in lithium ion battery cells, the model can be further extended to study the formation of the SEI layer in the lithium ion battery. Using the capacity fade values at various time intervals predicted by the model, we use the equation for capacity loss obtained by Ploehn et al. [4] ( ) = Anode ( )
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Conclusions
We have presented a first principle, one-dimensional model which is based on kinetic limitations to study the capacity fade in lithium ion batteries. The model assumes that diffusion is not a limiting factor in capacity fade mechanisms in lithium ion batteries. Based on the model which assumes a first-order rate constant, we have evaluated the first-order rate constants for the film formation reaction. The model's predictive capability has been tested with a wide variety of experimental data and is shown to fit the experimental data very well. The model comparison with experimental data indicates to us that, for the wide variety of battery systems considered, kinetics limitations are more important than diffusional limitations. The model can be further used to calculate film thickness values. Thus if one wants to evaluate the capacity loss for a Yardney cell at 60 ∘ C, one has to extract the rate constant at that temperature from our graph and use it to predict the capacity loss at the temperature as a function of time. Further development of the model would involve studying capacity loss as a function of battery chargingdischarging characteristics. 
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